Abstract The aim of this research was to determine the effect of composition (dietary fiber = DF, fat = F, and gluten = G) and baking time on the target microstructural parameters that were observed using images of potato and wheat starch biscuits. Microstructures were studied Scanning Electron Microscope (SEM). Non-enzymatic browning (NEB) was assessed using color image analysis. Texture and moisture analysis was performed to have a better understanding of the baking process. Analysis of images revealed that the starch granules retained their native form at the end of baking, suggesting their in complete gelatinization. Granules size was similar at several different baking times, with an average equivalent diameter of 9 and 27 lm for wheat and potato starch, respectively. However, samples with different levels of DF and G increased circularity during baking to more than 30%, and also increasing hardness. NEB developed during baking, with the maximum increase observed between 13 and 19 min. This was reflected in decreased luminosity (L*) values due to a decrease in moisture levels. After 19 min, luminosity did not vary significantly. The ingredients that are used, as well as their quantities, can affect sample L* values. Therefore, choosing the correct ingredients and quantities can lead to different microstructures in the biscuits, with varying amounts of NEB products.
Introduction
In today's fast-paced world, the intake of processed foods has outstripped the consumption of fresh fruit and vegetables. This is partly due to the need for nutritious, longlasting, easy-to-carry and easy-to-store foods (Manley 2011) . Among processed foods, starchy foods such as biscuits, cereals and snacks are experiencing increased levels of consumption. ''Cookies'' or ''biscuits'' are small starchy products that are baked using hot dry air to a moisture content of less than 5%. These products are mainly composed of wheat flour (a main source of starch and protein), fat and sugar (Dapčević et al. 2015) . Wheat flour is the major ingredient in biscuits and functions as a structure builder in order to provide texture, shape and hardness (Chavan et al. 2016) . The wheat flour forms a viscoelastic network to bind the ingredients that are distributed throughout the dough. The major proteins in wheat flour are gliadins and glutenins, which produce gluten. Some non-gluten flours are also used in the baking of biscuits, including rice, maize, barley and millet (Chavan et al. 2016) .
Sugar is often the second major ingredient in biscuit production and is added to provide sensory characteristics such as flavor, appearance, color and texture, as well as to increase the product's shelf life (Aggarwal et al. 2016; Chavan et al. 2016) . Sugar also allows air to enter the fat during the preparation of the dough, decreasing the viscosity of the dough and affecting the structure, texture and volume of the final product (Mieszkowska and Marzec 2016) .
The fat that is used to make biscuits is typically added in solid or semi-solid form, predominantly as hydrogenated or saturated fat. Such fats often account for up to 20% of the dough. As a result, biscuits have a high content of saturated fatty acids (Dapčević et al. 2015) . The function of fat in biscuit manufacturing is to interrupt the gluten network by surrounding the flour particles, thus providing softness (Chavan et al. 2016) . In addition to giving biscuits a soft and crisp texture, the fat can also affect the flavor, lubricity, mouth-feel, aeration and taste (Aggarwal et al. 2016) .
Biscuits are a good source of energy and are ready-to-eat foods. It is therefore not surprising that they have become one of the most popular snacks worldwide. Biscuits have a low manufacturing cost and are shelf-stable due to their low water activity. Moreover, biscuits can be produced in large quantities in minimal time, enabling widespread distribution (Cheng and Bhat 2016) .
However, consumers are now demanding foods with additional health benefits. Due to the prevalence of diseases such as diabetes, cancer, high blood cholesterol, coronary heart disease and obesity, a recent focus of food science has been the development of formulations with reduced sugar levels (e.g. by replacing sugar with sweeteners such as polyols and intensely sweet compounds) and less fat (Chavan et al. 2016; Kutyla-Kupidura et al. 2015) . The food industry has made a significant effort to produce biscuits with reduced fat and/or sugar levels (Dapčević et al. 2015) . Furthermore, alternatives have been developed to replace the wheat flour in biscuits so as to address the prevalence of celiac disease, an inflammatory disease of the small intestine triggered by gluten proteins. It has been estimated that sales of glutenfree products have grown at an annual rate of 28% in recent years (Kaur et al. 2015) . Cereals such as rice, maize, barley and millet have been used to replace wheat flour in biscuits (Chavan et al. 2016; Kaur et al. 2015) . However, these gluten-free flours produce biscuits that have different physico-chemical characteristics to those made from wheat flour. In addition to these ingredients, dietary fiber can also be added to biscuits. The benefits of dietary fiber ingestion include a reduced risk of heart disease, as well as certain types of cancer, obesity, and diabetes. Dietary fiber resists digestion and absorption in the small intestine and undergoes total or partial fermentation in the large intestine. Soluble fiber increases gut viscosity and controls glucose and lipid metabolism. Insoluble fiber acts through its ability to ferment (Serial et al. 2016) . However, the use of fiber (as a solid component) in cookie or biscuit dough has serious implications with regards to the structure of the biscuit. There are therefore certain technological limitations when it comes to the total fiber content (Raimundo et al. 2014) .
The Maillard reaction (MR) is a type of NEB that occurs among reducing sugars and mostly free amino acids and peptides (usually from proteins) when heated. MR is a whole class of reactions as opposed to a single reaction, while MR products are a heterogeneous group. In biscuit production, MR is important for the production of brown hues on the surface of the foodstuff and contributes to its texture and flavor. If excessive MR occurs, it may be difficult to dry the biscuit without too much darkening of the product (Manley 2011) . MR also has an impact on the final composition of the food. This is due to a decrease in nutritionally relevant substrates (such as essential amino acids), as well as the inhibition of various enzymes that are needed to digest food. It is also due to the development of new compounds that have both healthy (e.g. antioxidant melanoidins) and harmful (e.g. acrylamide, furan, hydroxy methyl furfural, heterocyclic amines) properties (Chavan et al. 2016; Patrignani et al. 2016) .
In general, developing new products that satisfy the aforementioned requirements requires a combination of controlled food structures in which the role of each component is clearly understood (Aguilera 2006) . There is no published data available on the structure and MR development of biscuit formulations containing only alternative sources of starch (potato and wheat) mixed with varying amounts of fiber, fat and gluten. Therefore, the aim of this research was to determine the effect of composition (dietary fiber, fat and gluten) and baking time on the image-observed microstructure and physical appearance of starch granules (from two botanical sources). Furthermore, color image analysis was also used to determine the non-enzymatic browning development of these matrices.
Materials and methods

Materials
Matrices (biscuit models) were prepared using either potato starch (Quimatic, Huechuraba, Chile) or wheat starch (Roquette, Lestrem, France). Furthermore, dietary fiber (Inulin, Terrium, Belgium), fat (Hornito Margarine for baking, Watt's S.A., San Bernardo, Chile), vital wheat gluten (Asitec S.A., Maipú, Chile), glucose (Sigma-Aldrich, USA), sodium chloride (fine salt, Sociedad Punta de Lobos, Iquique, Chile), and distilled water were used in the formulation.
Sample preparation
To evaluate the effect of the formulation of a dough on biscuit structure and NEB development, the levels of dietary fiber, fat and gluten were used as the variables in different formulations (Table 1) . Furthermore, two botanical sources of starch were assessed: potato and wheat starch.
The doughs were prepared by mixing the fiber (10 g), gluten (30 g), starch (178 g), glucose (20 g), and sodium chloride (0.2 g) with distilled water (117 g), in a blender (Premier Chef 4.6L, Kenwood Ltd.) for 9 min. To assess the influence of each variable, the amount of each ingredient was adjusted according to the desired level. The dough was allowed to rest for 30 min at 4°C and then sheeted (MAL-1006, Malta) to a final thickness of 0.5 mm. The sheeted dough was cut into 4-cm diameter discs using a mold.
The dough was placed on a silicone sheet in order to prevent sticking and baked at 230°C. The samples were stored in hermetically-sealed plastic bags and refrigerated until the analysis took place.
Scanning electron microscopy (SEM)
The samples were examined using a scanning electron microscope (LEO 1420VP, Carl Zeiss, Oberkochen, Germany). The samples were fixed onto the holders using double-sided tape and gold-coated (* 20 nm) using a Varian Vacuum Evaporator (PS 10E, Evey Engineering's Warehouse, New Jersey, USA). The microstructure of the samples was analyzed using the SEM images at an accelerating voltage of 25 kV.
The images were processed and analyzed using ImageJ 1.45 s software (National Institute of Health, USA). Twodimensional shape and size descriptors of starch granules were then determined based on this image analysis. The equivalent diameter (D eq ) of starch granules was calculated using the following expression (Russ 1999) :
The equivalent diameter is a parameter that allows for size to be easily compared (Russ 1999) . In addition, circularity (C) was determined as follows (Ferreira and Rasband 2012) :
Circularity is a shape parameter where a value of 1.0 indicates a perfect circle, while a lower value approaching 0.0 indicates an increasingly elongated shape (Ferreira and Rasband 2012) .
Optical microscopy
The mesostructure of the samples was assessed using optical microscopy. The samples were deposited on a glass slide and observed under a stereomicroscope (SMZ 2B-2T, Nikon Corp., Japan). Images were then acquired using a digital camera (ToupCam TM, Touptek Photonics, China) and ToupView 3.5 (ToupTek, Zhejiang, China). Two images were acquired for each sample.
Colorimetry
The color parameters (L * , a * , b * ) of the samples were determined using a computer vision system (DVS-Lab, Digital Vision Solutions, Santiago, Chile) (Mery et al. 2013) . The L * (black 0 to white 100), a * (green -120 to red 120) and b * (blue -120 to yellow 120) values correspond to the lightness, redness and yellowness on the CIELAB color scale, respectively. Each measurement was taken four times. Leiva-Valenzuela and Aguilera's (2013) method was used to obtain information from the correlative images of the samples.
Moisture content
Moisture content was determined gravimetrically (Dueik et al. 2010) . Samples of level 0 and level 2 of each analyzed ingredient, baked for 7, 13 and 19 min, were dried in a forced air oven at 105°C to constant weight.
Texture analysis
The texture of the samples was determined using a texture analyzer (TA XT2, Stable Microsystems, UK). A threepoint test was performed using a support span of 16 mm. The samples were fractured at a constant rate of 10 mm/s using a steel blade with a flat edge with a thickness of 2.5 mm. The force (N) at the fracture point (highest value on the graph) was then determined (Dueik et al. 2010) . Texture analysis was carried out on eight examples from each sample. The texture was measured in samples of levels 0 and 2 of each analyzed ingredient, baked for 7, 13 and 19 min.
Statistical analysis
Differences between samples were detected using ANOVA and Tukey's test with version 15.1.02 of the StatGraphics Centurion XV software (StatPoint Inc., VA, USA).
Results
Biscuit structure
The microstructure of the biscuits after baking is presented using the SEM images (Fig. 1) . The average size of the starch granules (i.e. equivalent diameter) differed significantly between the two botanical sources, with 9 ± 4 lm for wheat starch and 27 ± 13 lm for potato starch. Theses sizes fall within the range that was reported for native starch from wheat (4-39 lm) and potato (21-81 lm) (Muñoz et al. 2015) . The circularity of the samples also revealed significant differences as it was 0.57 ± 0.19 for the wheat samples, while it was 0.73 ± 0.16 for the potato samples. This means that the wheat starch granules were less round than the potato granules during baking. In order to better understand this trend, multiway ANOVAs were subsequently performed. A multiway ANOVA was performed in the matrices that were supplemented with wheat starch. The independent variables were ingredient type, ingredient level and bake time. As a result of this analysis, ingredient type was shown to have a significant effect on D eq and C. The D eq and C values were lower in biscuits with fat (F), followed by dietary fiber (DF) and then gluten (G). Table 2 shows the average D eq and C for wheat starch granules, as well as the results from the two-way ANOVA and Tukey's test, using ingredient level and bake time as independent variables for each ingredient type. For matrices with different levels of DF, the level of DF significantly influenced D eq and C: higher levels of DF led to higher D eq and higher C. Bake time only had a significant effect on the C values: C increased as bake time increased. However, for matrices with varying levels of F, the level of F had a significant effect on D eq and C, although no clear trend could be observed. Finally, for matrices with G, the level of G significantly influenced C as the C values increased as G increased.
When the food matrices with potato starch were analyzed using multiway ANOVA, the independent variables ingredient type, ingredient level and baking time were all found to have a significant effect on C. In this sense, the C values increased as the baking time and level of each ingredient increased. The matrices with DF had lower C, followed by G; F had the highest value. The two-way ANOVA, taking the level of ingredient and bake time as the independent variables, revealed that the level of DF and bake time had a significant effect. C was higher when there were higher levels of DF and longer bake times. For matrices with F, the level of F significantly influenced D eq and C, i.e. a higher level of F revealed higher D eq and C. Finally, for matrices supplemented with G, the level of G and bake time had an effect on C, i.e. C values increased as the level of G and bake time increased. The physical state of the biscuit starch depends on the composition and processing conditions. During manufacturing, starch gelatinization can usually be restricted by low availability of water and high levels of fat and sugar. However, in formulations with high levels of water and low levels of sugar, starch gelatinization can often be prevalent (Sozer et al. 2014) . Gelatinization is defined as the process through which starch undergoes an order-disorder phase transition. In this transition, the starch's intermolecular bonds are broken down, allowing engaging water molecules. This process destroys the starch granule's structure (Schuchardt et al. 2016; Ng et al. 2017) . Several techniques have often been used to characterize starch gelatinization. These techniques include differential scanning calorimetry, where the gelatinization range is determined, as well as X-ray diffraction and polarized light microscopy (Ng et al. 2017; Ovalle et al. 2013; Mamat et al. 2010) . Some researchers have found a correlation between SEM images and gelatinization. As complete gelatinization involves the destruction of starch granules and SEM images can reveal the physical state of such granules, it is therefore suggested that SEM images can be used to approximate the degree of gelatinization (Chen et al. 2017) . In this case, the SEM images showed that the morphologic features of the granules were unaltered. As such, the granules maintained their shape and size throughout the entire period of baking, suggesting that the granules had not completely gelatinized.
On the other hand, starch granules from matrices with different levels of DF and G (for potato starch) increased in C by as much as 33% as the bake time increased. This may be due to the swelling from water absorption (Ng et al. 2017 ) that occurred during baking with these formulations.
The effect of the ingredients that were added, as well as their quantities, was different in each case. In the case of F, this ingredient competes with water (or aqueous phase) in terms of surface area when it comes to flour. The presence of F surrounding the starch granules of the wheat can be identified in wheat starch biscuits in Fig. 1 . In the case of potato starch-based biscuits, the presence of F is also detected in the SEM images at 5 K magnification (images not shown), while cracks were also observed. At high levels of F, little gluten is formed, while starch swelling and gelatinization is reduced (Manley 2011) . This was reflected in low D eq and C values for matrices containing wheat starch with F. The DF (soluble) added to the dough can reduce starch gelatinization by limiting water availability (Sozer et al. 2014) . A low D eq would therefore be expected in matrices with high DF. However, the D eq at different levels of DF was similar across the samples.
Incorporating G into the biscuits has a significant impact due to its high capacity for water absorption. Furthermore, G allows gas bubbles to be retained during baking, leading to an open texture (Manley 2011 ). In our case, the size of the starch granules remained stable during baking, while the C values tended to increase.
The physical state of the starch granules in food has an impact on health. The presence of ungelatinized starch in foods can allow for a low glycemic index (GI) or postprandial blood glucose level (Englyst et al. 1999; Garsetti et al. 2005; Kawai et al. 2013; Sozer et al. 2014 ). However, Garsetti et al. (2005) have noted that the presence of slowly available glucose (SAG) and rapidly available glucose better explains the variation in GI in different types of biscuits than their macronutrient composition. High SAG levels may be linked to low starch gelatinization. Partiallyintact starch granules in the end product are less susceptible to the actions of amylolytic enzymes. As a perspective, it may therefore be suggested that aiming for high SAG content in biscuits is a good strategy for lowering GI (Englyst et al. 1999 (Englyst et al. , 2003 Garsetti et al. 2005; Sozer et al. 2014) . Low-GI diets may also help to reduce the risk of obesity and type 2 diabetes (Garsetti et al. 2005; WHO/ FAO 2003) .
Optical microscopy (Online Resource 1) reveals the effect of the ingredients on the sample structure. At the levels of magnification used in this study large air bubbles are clearly visible. This is especially true in biscuits supplemented with wheat starch, while the air bubbles are smaller in biscuits made with potato starch. The images for biscuits supplemented with potato starch are only provided for the final bake time as no changes were observed during baking.
The addition of DF revealed that this component may result in fewer air bubbles in the end product. At higher levels of DF, the samples contained fewer air bubbles. Furthermore, large air bubbles appeared toward the end of baking in samples with higher levels of DF. Incorporating F into biscuits did not prevent the development of air bubbles in the structure, while at higher levels the bubbles were smaller. In addition, the air bubbles appeared toward the end of baking, especially with high levels of F. The final part of Online Resource 1 clearly shows the effect of G on biscuits. The G network can retain gas during the baking process (Anderson et al. 2011) . Therefore, more air bubbles can observed with high levels of G. Additionally, air bubbles were also observed during baking.
Color development
The L* value of the samples (luminosity) decreased over time as the samples became darker. The L* parameter is critical in heat-treated foods as it is the first parameter of quality that is evaluated by consumers. Furthermore, L* values are mainly associated with nonenzymatic browning reactions, i.e. low L* values indicate a darker color and the development of browning (Dueik et al. 2010; Yuan et al. 2016) .
The largest decrease in L* occurred between 13 and 19 min of baking (Fig. 2) . Following this, the L* value remained constant. In addition, the biscuits made with potato starch had the lowest L* values.
In biscuits supplemented with wheat starch, the lowest L* values were obtained in samples containing F and after 19 to 25 min of baking. When the levels of each ingredient were assessed, different trends could be observed. In the samples with DF, the lowest L* was found at level 1, while in the samples with F, the lowest L* level was found at levels 0 and 2. In the samples with G, L* was also lowest at levels 0 and 2.
As with the wheat samples, differences were found for each ingredient that was used in the potato samples. In the samples with DF, the lowest L* value was found for level 1, followed by level 0; in the samples with F and G, the lowest L* values were found at levels 0 and 2. NEB can be influenced by many factors, including temperature, reactant concentration, reaction time, and water content (Sharma and Gujral 2013) . For example, a high protein concentration in biscuits can promote NEB, expressed as a decrease in lightness values (Jan et al. 2016) . In line with this trend, the L* value for samples with G was lower at level 2 than it was for level 1. On the other hand, the moisture content can influence the generation of NEB in foods as it affects molecular mobility and chemical reactivity, which may or may not favor the Maillard reaction (Cécile et al. 2016 ). In our case, when adding DF, the L* value was lower at level 1 than at level 2. However, samples without DF (level 0) were similar to samples with level 2 DF. In this sense, DF most likely has a larger effect on the water availability for the biscuit dough, while its influence on NEB may or may not be favorable, depending on the level of DF.
The a* and b* values (results not shown) also varied with the changes to the ingredients. The samples with wheat starch were redder (lower a* value) when DF was added and after the shortest baking times. The biscuit samples with potato starch and F were yellower (lower b* values).
The browning of biscuits and baked products is mainly caused by the Maillard reaction, which can be stimulated at high temperatures and with low water content (Kawai et al. 2016) . However, as was revealed, this depends on the level of water and the composition of the biscuit. Non-enzymatic browning is related with high sensorial quality, including the development of flavor, aroma, texture and color. However, as mentioned previously, this reaction can lead to the formation of harmful or toxic compounds, such as furan and its derivatives, as well as acrylamide (Mariotti et al. 2017; Pedreschi et al. 2005) . It has been suggested that there is a strong correlation between the L* value and the logarithm of 5-hydroxymethylfurfural concentration in cookies. This compound, which is usually the result of MR or caramelization, has a potentially cytotoxic and carcinogenic effect on humans (Kowalski et al. 2013 ).
It appears that browning can be prevented by a certain (adequate) level of each ingredient, e.g. level 1 of F, level 2 or 0 of DF and level 1 of G.
In the same way, browning can be prevented slightly by choosing a botanical starch source (in our case, potato). As the baking time influences the development of browning, comparisons were made after the same amount of baking in order to detect differences. Samples that were baked for 13-19 min (Fig. 2) had adequate color and quality. To avoid excessive browning, some samples could be baked for shorter times, providing that other sensory parameters such as texture are not affected. Future work should analyze the influence of other compositional parameters of biscuits on additional sensory and quality parameters, such as texture and flavor. This research may reveal the parameters and ingredients that are required in order for biscuits to contain starch with a low level of gelatinization (low GI) and minimal Maillard reactions (low presence of harmful compounds), at the same time as retaining positive sensory qualities.
Moisture content
As expected, the moisture content of biscuits significantly decreased with thermal processing (two-way ANOVA). After 7 min of baking, the moisture content for the two botanical sources and the different variations of DF, F and G ranged between 8.31 and 2.46%. This was statistically significant (Tukey test, P B 0.05) when compared with 13 or 19 min of baking, which had extreme values of 5.18 and 1.21%, respectively. This behavior was the same for the two botanical sources, where no statistical differences were found (Table 3) . For biscuits made with wheat or potato starch, only G had a significant effect. In this sense, the moisture content was higher in the level 2 than the level 0. During matrix formation, gluten proteins are hydrated and form permanent cross-linking structures. These absorb water and delay water delivery from the matrix to the environment during baking (Manley 2011) .
There is a positive correlation between moisture and L* values in samples containing F at level 2 (R 2 = 0.928 and R 2 = 0.839 for potato and wheat samples, respectively) and G at level 0 (R 2 = 0.999 for samples containing wheat). We have already discussed the effect of water content on NEB development. In this sense, the maximum increase of NEB was observed between 13 and 19 min. This is in line with the drying process that was observed in our experiment.
Texture development
The texture behavior during baking for wheat and potato biscuits can be observed in Table 3 . No overall differences in texture (maximum breaking force) were found between the two botanical sources. On the other hand, significant differences were observed in the texture of the samples prepared with different levels of F and G for wheat biscuits, as well as DF, F and G for potato biscuits (Tukey test, P B 0.05). In general, while adding G leads to a significant increase in hardness (i.e. a higher value of maximum breaking force), adding DF leads to only a slight increase. Interestingly, increasing F from level 0 to level 2 leads to a decrease of * 50% in the hardness values. The effect of G reported by our study is in line with previous research, where the firmness of biscuits was increased by adding protein. Furthermore, the DF content helps make the matrix harder by incorporating structures that interact with the G and gelatinized starch. On the other hand, adding F to biscuits prevents the formation of gluten strands, thus enhancing their textural sensory attributes or softness (Raimundo et al. 2014) .
The baking times that were tested (7, 13 and 19 min) do not seem to affect the texture when each component is compared. This suggests that the biscuit crust, which is mainly responsible for its hardness (Dueik et al. 2010) , is formed before 7 min of baking. However, the core of the biscuit at this time is still moist, i.e. the biscuit's moisture value has not yet reached its minimum.
A negative correlation was found between the maximum breaking force and moisture in samples with DF at level 0 in samples with wheat (R 2 = 0.826) and at level 2 in samples with potato and wheat (R 2 = 0.957 and R 2 = 0.743 for potato and wheat samples, respectively). This means that samples with a low moisture value had a high level of maximum breaking force.
Conclusion
The image analysis of different types of dough is one potential tool that allows us to study changes in starch. Analysis of SEM images suggests that starch granules remain in their native form in biscuits that are supplemented with wheat or potato starch and baked for 25 min at 230°C. During baking, starch granules absorb water to varying extents. This was reflected in the increase of C that could be observed in our formulation. The addition of DF at higher levels, as well as G (in potato starch samples), allowed for matrices with starch granules with a high value of C (and therefore most likely higher degrees of gelatinization).
The biscuit color changed during baking, with increasing levels of browning, where the L* values decreased, which means that the luminosity decreased. Baking times of between 13 and 19 min demonstrated the highest ratio of change. The final L* value was lower in samples supplemented with potato starch. The L* values decreased in the same way as the moisture during baking.
The texture and moisture of the samples was directly affected by the level G content, and inversely affected by the level of F. The texture value did not vary much after 7, 13 and 19 min of baking, suggesting that the crust is formed before 7 min of baking.
